Abstract. Initiatives in the United Kingdom have led to increased support for proton accelerator R&D, in particular for high intensity proton drivers. Whether used for fixed target studies, the generation of spallation neutrons, for nuclear waste transmutation or as part of a neutrino factory complex, such accelerators present complex theoretical and technological challenges. Models have been developed at the Rutherford Appleton Laboratory, initially for green field sites, but the ideas have crystallised into a phased upgrade programme for ISIS, the UK's world-leading pulsed neutron source. The proposals would see a progressive development from 160 kW of proton beam power to a 4 MW driver, through replacement of the present linac and the addition of new synchrotron rings. This paper describes the plans, addresses future prospects and explains the current status, which includes an experimental linac front-end test stand with a growing UK university involvement.
INTRODUCTION
Increased interest in accelerator physics in the UK, most notably from the Particle Physics and Astronomy Research Council (PPARC), has provided the stimulus for new initiatives and major developments in several areas of study. ASTeC, the Accelerator Science and Technology Centre, has been set up within CCLRC, the parent body encompassing the Daresbury and Rutherford Appleton Laboratories, and is organising and channelling funding for R&D for future accelerator projects. PPARC has been instrumental in encouraging participation from UK universities, and two accelerator centres have now been established. The John Adams Institute in Oxford is a joint venture between the University of Oxford and Royal Holloway College, London, and the Cockcroft Centre on the Daresbury site is backed by the universities of Liverpool, Manchester and Lancaster. Though still at an embryonic stage, the centres will embrace research programmes focused on linear collider and neutrino factory work. At the same time, proton accelerator developments are being strongly encouraged at RAL, with an involvement from Imperial College London and support from the European Union through the Framework Programme 6 (CARE package).
The importance of high intensity proton accelerators was highlighted in the summary report of the 2001 Snowmass meeting on the Future of Particle Physics [1] . This focuses attention on the class of accelerators commonly referred to as 'proton drivers', defined as machines able to generate 4-5 MW of beam power in short duration bunches, usually of the order of 1 ns rms. Their versatility and applicability are wide ranging. As stand-alone facilities, neutrino super-beams, and beams of muons, kaons, neutrons and antiprotons could be produced. As part of a much larger facility, a proton accelerator could be used as the driver for a neutrino factory; and a high intensity proton machine could also be used as a high brightness source for a VLHC. Theoretical studies at Fermilab, BNL and RAL and work at CERN on the Superconducting Proton Linac (SPL) have been augmented by experience from the design of advanced neutron sources such as the US SNS, the European Spallation Source (ESS) and the J-PARC complex. Solutions to most of the critical problems have been found, and where work is still needed, the difficulties no longer look insurmountable. In essence, we know how to build such a machine, and the price is comparable with machines currently under construction and small compared with large-scale projects such as a linear collider.
THE ISIS SPALLATION NEUTRON SOURCE
The most intense pulsed proton accelerator (in terms of protons per eV·s of longitudinal emittance) is at the Rutherford Appleton Laboratory and drives the ISIS spallation neutron source, which celebrated its twentieth anniversary of neutron production in December 2004. The accelerating system ( Fig. 1 ) is based on a 70 MeV H − linac injecting via an Al 2 O 3 stripping foil into an 800 MeV, 50 Hz proton synchrotron. Each pulse consists of two bunches of 100 ns duration, directed onto a tantalum-clad tungsten target, where a variety of experiments are carried out for condensed matter research.
At 0.16 MW, ISIS falls some way below performance requirements for a true proton driver. Nevertheless it is a worthy forerunner for the high intensity hadron machines of the future and there are several special features built into its accelerators that are worth noting for next-generation designs. Injection of H − is essential in FIGURE 1. The ISIS Synchrotron order to build up the required beam intensity within an acceptable transverse emittance. To keep stripping foil temperatures within reasonable limits, phase space painting is included via vertical orbit beam bumps, and to trap and accelerate as many protons as possible, the total RF voltage in the synchrotron is varied according to a prescribed programme during the cycle. The synchrotron is also resistant to the e-p instability, which is believed to limit intensity in the Los Alamos Proton Storage Ring (PSR) and is thought to be caused by the electron cloud phenomenon. For many years theorists have puzzled over its absence at ISIS but one plausible reason is the RF shields built into the dipoles and quadrupoles, which could suppress the secondary electron emission [2] . Since RF shields are particularly difficult to model, this conclusion remains speculative and an intensive experimental programme is planned in order to understand and resolve the issue.
Even without the e-p instability however, ISIS still loses about 10% of beam, generally below 80 MeV, and the bunches of 100 ns duration, while suitable for neutron production, cannot easily be compressed to the ∼1 ns levels required for a true proton driver.
ISIS Upgrade 2004
In its present configuration, the machine is limited by space charge to an intensity of 2.5 × 10 13 protons per pulse. An earlier study [3] identified a method of increasing this, perhaps by as much as 50%, through a combination of h = 2 and h = 4 RF cavities. This has the effect of stretching the stable areas of longitudinal phase space and allowing more beam to be injected without any change in either the peak bunch current or the transverse tune shift. The relative phases between the RF harmonics have to be carefully controlled throughout the cycle but the general principle is well-tried and should provide additional benefits for neutron scatterers for a fairly modest cost. The new cavities were installed in the summer of 2004 at the same time as ISIS's ageing Cockcroft-Walton injector was replaced with a radiofrequency quadrupole (RFQ) constructed at the University of Frankfurt. The RFQ operates at 202.5 MHz and delivers H − micro-bunches at 665 keV. Some optimisation of the upgraded linear accelerating system remains to be carried out and at this stage the new cavities are operating only in h = 2 mode pending testing in 2005, but initial experiments showed an immediate success in reducing injection beam loss to about 0.5%, albeit at fairly low intensity. If successful, the revised source could eventually generate about 0.24 MW of proton beam power at a current of 300 µA.
A second target station is also being built, to operate at 10 Hz and, by taking one pulse in five from the existing 50 Hz target, will effectively absorb the extra beam power from the upgraded system. The experimental programme is due to start in 2008 and the enhanced cold neutron flux is expected to lead to breakthroughs on next generation materials for super-fast computers, data storage, sensors, pharmaceutical and medical applications, materials processing, catalysis, biotechnology and clean energy technology.
ESS and SNS
Ideas for upgrading to the megawatt level stem from the design of the European Spallation Source (ESS), which earlier provided a template for the US neutron source SNS. The SNS is currently under construction at Oak Ridge, Tennessee, but the ESS study [4] has been suspended as bids from five organisations to host the project are assessed for funding approval from their respective governments.
Both ESS and SNS designs have had to confront design goals well beyond anything ISIS has achieved, most importantly the need at such high beam powers and intensities for an extremely low loss system (1 Watt per metre on average). Elaborate collimation schemes need to be incorporated and special features included, such as fast beam choppers in the low energy stages of the linacs and achromatic arcs in the transfer lines from the linacs to the rings. Choppers are used to create gaps in the linac micro-bunch train so as to enable all the particles to be trapped in stable regions of phase space in the accumulator rings, a process that is enhanced by the achromats, which minimise halo particles and help create optimal beam profiles for injection. A balance needs to be maintained between many parameters, with tradeoffs between, for example, the ring injection period and the linac current. In order to control stripping foil heating, the injection turns need to be limited and this means a higher current is demanded from the linac.
Front-end Test Stand FIGURE 2. ISIS H − Ion Source
Because the most challenging aspects have always been the requirements imposed on the H − ion source and the fast beam chopper, it has been a long-standing aim at RAL to construct a linac front-end test stand to demonstrate the feasibility of the low energy stages of the ESS and related designs. Thanks to support from the EU through the CARE/HIPPI contract [5] and from PPARC, this may now become a reality. A joint RAL/CEA-Saclay study, supported by the EU, made strides a few years ago towards a high current (∼35 mA) H − ion source with an approximate lifetime of two months. The continuing programme at RAL based on the ISIS Penning source aims at a current of 50-60 mA, a normalised rms emittance of 0.2 π mm.mrad and a duty cycle of up to 10%. The work is already well on target and the present design is probably the best of its kind available today (Fig. 2) .
>From the ion source, the beam will be matched by the Low Energy Beam Transport system (LEBT) into an RFQ, bunched and accelerated to 2.5 MeV. The RFQ design is based on the ESS model and is being analysed and further developed in collaboration with UK university staff. The fast beam chopper [6] which follows is one of the most crucial and important components of the structure for successful operation of a robust, low-loss machine. Avoiding partially deflected micro-bunches requires the kicker electric field to rise fully in a single inter-bunch gap. For an RFQ frequency in the range 200-400 MHz, the gap between micro-bunches is of the order of 2-3 ns and the field needs to be sustained while approximately 30% of the train is diverted to a beam dump. For the ESS, for example, the chopper has to deflect about 72 micro-bunches from every 240 at the ring revolution frequency (1.24 MHz). The issue of clean chop-
FIGURE 3. RAL Fast Beam Chopper
ping is believed to have been resolved by means of a twostage device. A fast-rise, short duration field is used first to deflect three microbunches and thereby create a longer gap for a slow-rise, long duration field that deflects the rest. A module is shown in Figure 3 . Currently a linac frequency of 234.8 MHz is being considered, largely for historical reasons, but the aim is for a generic, flexible test stand over a range of parameters. SNS's choice of 400 MHz and J-PARC's use of 324 MHz suggest that a convincing demonstration at about 350 MHz is probably of most interest to the community at large. Work remains to be carried out on the beam dumps, which generally have to handle powers of 3-5 kW in full operation. The aim overall is to carry out full beam tests by 2008, though a later date is looking increasingly likely.
A second front-end test stand, also supported by the CARE/HIPPI contract, is under construction at CERN with an alternative chopping scheme. The aim is an evaluation of the two approaches and identification of the best method to carry forward for future development.
Future ISIS Upgrades
The UK front-end test stand is of fundamental importance for the whole range of synchrotron-based proton driver models developed at RAL [7, 8] . These are all founded on the basic ion source-LEBT-RFQ-chopper system followed by acceleration to a linac final energy of 180 MeV, which was found to be appropriate for lowloss ring injection. If such a linac is to be constructed, a design must be in place by the time the front-end tests are satisfactorily completed so that work can begin without further delay. To this end, a theoretical analysis has been initiated, in parallel with, and in close collaboration with, a similar study on LINAC4 at CERN. One scheme has the beam accelerated at 234.4 MHz in a drift tube linac (DTL) to an energy of 90 MeV and undergoing a triple frequency jump to 704.4 MHz before being raised to 180 MeV in a side-coupled linac (SCL) [9] . This work also receives funding from the EU under the HIPPI FP6 project.
The next stage of an ISIS upgrade would then replace the existing 70 MeV linac with the new 180 MeV design. At this energy, space charge levels at injection are halved, and initial studies suggest that the synchrotron could output ∼0.4 MW of beam power, which the present target could probably just about withstand. The smaller energy sweep in the synchrotrons would also allow the machine to operate at the higher repetition rate of 65 Hz with the same peak dB/dt.
Beyond this, the only practical method of increasing the power of the facility is by raising the energy through the addition of a second synchrotron. A racetrack lattice has been devised with a mean radius of 78 m, three times the 26 m of the present ISIS synchrotron. This ring could then operate in two modes. Taking ISIS's pulses by a simple bunch-to-bucket transfer, the beam could be accelerated to ∼3.5 GeV to produce 100 ns bunches at an energy suitable for a 1-1.5 MW, 50 Hz spallation neutron source. This is a fairly costly project since a new target would be required. In the machine's alternative mode aimed at testing features for a neutrino factory, one in three ISIS pulses could be accelerated in the main synchrotron to 8 GeV at a frequency of 16.67 Hz (the other two pulses being directed to a beam dump). Experiments of nanosecond bunch compression could be carried out, studies of lattice and beam behaviour near transition would be possible, and the beam could provide the means for neutrino factory pion target tests. Figure 4 shows a possible layout on the RAL site, with the existing machine at the top of the diagram, the old 50 Hz target (TS1) and new 10 Hz target (TS2) in the middle and the new synchrotron, and neutron (TS3) and muon targets, at the bottom.
Further development would entail the construction of a new booster, effectively replacing the current ISIS accelerator. This would be based on the designs and principles outlined in [7] and is shown schematically in Figure 5 . The H − beam from the 180 MeV linac would be transported to two stacked booster synchrotrons via an achromatic arc for collimation and energy ramping for injection phase space painting. With a mean radius of 39 m, the rings would be filled one after the other (a total time of about 0.4 ms) and the accumulated bunches (three in each ring) would be accelerated to 1.2 GeV. As Figure 5 shows, the booster synchrotrons could fit inside the 78 m ring, thus allowing ISIS to continue operation in its current state and provide only a partially-disrupted service to users. The main synchrotron, operating at 25 Hz with 10 14 protons, would be upgraded to 2.5 MW and would provide an enhanced neutron facility at 3 GeV with further scope for neutrino factory tests at 6 or 8 GeV. The final phase of the upgrade programme would be to build a second main synchrotron, stacked on top of he first. The booster rings would operate at 50 Hz and by filling each main ring on alternate cycles at 25 Hz, the driver operating frequency of 50 Hz would be recovered.
The result would provide a 4-5 MW proton driver in the full sense of the term and open the way to a dual neutron/neutrino facility that would fit comfortably on the RAL site.
PROTON DRIVER R&D
R&D is of course of vital importance, and the following representative list of topics are under study in the UK, in some instances with an eye to the future and specifications beyond current requirements. and electron cloud problems, in particular exploring fast accurate codes and devising and carrying out benchmarking tests (see [10] ). 7. Experimental studies of ring lattices, for example to explore the higher order dependency of γ t on ∆p/p, tune shifts and space charge. 8. Injection foil lifetime and stripping efficiency studies, with experiments on the lifetime of H 0 excited states as a function of magnetic field and beam energy. Studies of the efficiency of slow extraction systems. 9. Ring beam loss, collimation and radiation protection issues: 3D code development, engineering aspects of collimation and beam dumps. 10. Development of diagnostics to measure beam parameters during ring injection, for example beam position monitors over a large dynamic range for turn by turn measurements, and equipment for fast, accurate, non-invasive tune measurements. 11. Design and tests of synchrotron magnets with combinations of different harmonic fields. At RAL, for instance, a magnetic field variation B(t) = B 0 − B 1 cos(2π f t) + B 2 sin(4π f t) is proposed, with B 2 = B 1 / √ 6 chosen to minimise the peak RF voltages needed for acceleration. Suitable power supplies need to be developed, and their cost effectiveness taken into account. 12. A formal R&D programme to cover theory and practice of inductive inserts, likely to be used to reduce the effects of high space charge levels in high intensity proton machines.
There are indications that most, if not all, of these are being worked on at one laboratory or another around the world, so that, with a spirit of international collaboration, there should be encouraging signs for the proton drivers of the future.
